We report the single-crystal synthesis and detailed investigations of the cage-type superconductor Sc5Ru6Sn18, using powder x-ray diffraction (XRD), magnetization, specific-heat and muon-spin relaxation (μSR) measurements. Sc5Ru6Sn18 crystallizes in a tetragonal structure (space group I41/acd) with the lattice parameters a = 1.387(3) nm, c = 2.641(5) nm. Both DC and AC magnetization measurements prove the type-II superconductivity in Sc5Ru6Sn18 with Tc ≈ 3.5(1) K, a lower critical field 1 (0) = 157(9) Oe and an upper critical field, 2 (0) = 26(1) kOe. The zerofield electronic specific-heat data are well fitted using a single-gap BCS model, with Δ(0) = 0.64 (1) meV. The Sommerfeld constant γ varies linearly with the applied magnetic field, indicating s-wave superconductivity in Sc5Ru6Sn18. Specific-heat and transverse-field (TF) μSR measurements reveal that Sc5Ru6Sn18 is a superconductor with strong electron-phonon coupling, with TF-μSR also suggesting the single-gap s-wave character of the superconductivity. Furthermore, zero-field μSR measurements do not detect spontaneous magnetic fields below Tc, hence implying that timereversal symmetry is preserved in Sc5Ru6Sn18.
measurements were performed in various magnetic fields (up to 30 kOe) in the temperature range 1.8 -10 K, using the heat-capacity option of a Physical Property Measurement System (PPMS) (Quantum Design). The temperature dependence of AC susceptibility was again studied with PPMS, using a small (5 Oe) ac-driving field with frequencies up to 10 kHz.
The ZF-SR measurements were carried out at the pulsed muon beam of the RIKEN-RAL Muon Facility at ISIS (United Kingdom). In this case the sample temperature was varied from about 30 K (> Tc) down to 1.5 K (< Tc) with cooling being performed in a helium-flow type cryostat (Janis Co.). Helium exchange gas was used to achieve good temperature homogeneity. The asymmetry
parameter is defined as A(t) = [F(t) -B(t)]/[(F(t) + B(t)], where F(t) and B(t) represent the muon
events recorded in the forward and backward counters, respectively.  is a geometrical factor, which accounts for the different solid angles and efficiencies of the two detectors, as viewed from the sample position. The time dependence of A(t), also known as the SR time spectrum, was measured. The TF-μSR measurements were carried out in the superconducting mixed state in an applied field of 300 Oe, using the General-Purpose Surface (GPS) muon instrument located at the πM3 beamline of the Swiss Muon Source of the Paul Scherrer Institute in Villigen, Switzerland. Figure 1 shows the room temperature powder XRD pattern for Sc5Ru6Sn18 with the scattering angle 2θ varying between 20 o -80 o . All the peaks in the pattern can be well indexed using a tetragonal structure with lattice constants a = 1.387(3) nm, c = 2.641(5) nm, which give a unit cell volume = 5.080(5) nm 3 and a density ρ = 7.8(3) g/cm 3 (space group I41/acd.) The obtained values are in good agreement with those previously reported on the R5M6Sn18 (R = rare earth, M = transition metal) family of compounds [19, 20] . Figure 2 shows the hysteresis curves of Sc5Ru6Sn18 recorded at various temperatures below Tc, characterized by symmetric M-H loops. The M (H) curves exhibit a butterfly shape, typical of type-II superconductors. The symmetry of the hysteresis loop (or the lack of it) allows one to distinguish between pinning-and surface-(or geometrical barrier) induced hysteresis, with flux pinning known to produce symmetric hysteresis loops [21] , as in our case. The lower-Hc1 and upper-Hc2 field values were determined from the magnetization data. The lower critical field, Hc1, is defined as the point where the field-dependent magnetization starts to deviates from linearity (see inset in Fig. 3 ) [22] . Since the actual magnetic field around the sample is larger than the applied magnetic field due to the demagnetizing effects by a factor of 1/(1-N), where N is the demagnetizing factor, so we have to correct the Hc1 values for that effect [23] . We have estimated the value of N from the rectangular prism approximation which is based on the dimensions of the crystal [24] and we get N = 0.39. The main panel of Fig. 3 shows the temperature variation of corrected values of Hc1, which can be fitted by the relation [25] :
Results and discussion

Crystal structure
Magnetization
Powder XRD pattern of Sc5Ru6Sn18. All the peaks were indexed successfully to a tetragonal R5M6Sn18 (R = rare earth, M = transition metal) phase. The inset shows the single crystal used in our study. The hexagonal-shaped plane was identified with (112) plane by means of X-ray reflection.
FIG. 2:
Magnetization hysteresis curves of a Sc5Ru6Sn18 crystal, recorded at different temperatures in an applied magnetic field normal to the (112) plane.
where Hc1(0) is the lower critical field at zero-temperature. The fit gives Hc1(0) = 157(9) Oe.
The upper critical field is defined as the point where the magnetization curve touches the zero magnetic moment line (see inset in Fig. 4 ). The main panel in Fig. 4 shows the temperature variation of Hc2, which can be fitted using the Ginzburg-Landau equation given by [25] :
where = and Hc2(0) is the upper critical field at zero-temperature. The fit gives Hc2(0) = 26 (1) kOe. From this, we estimate a Ginzburg-Landau coherence length, (0) ≈ 11.26(3) nm, by using the relation [25] :
where φ0 = 2.07×10 -15 Tm 2 , is the quantum of the magnetic flux. In addition, we can estimate the Ginzburg-Landau penetration depth using the relation [25] 
By using 1 (0) = 157(9) Oe and (0) ≈ 11.26(3) nm, we obtain (0) = 260(7) nm.
Finally the Ginzburg-Landau parameter ( κ) is obtained from the relation κ = λ(0) ξ(0)
. By using the values for λ(0) and ξ(0), we find, κ ≈ 23(2) > 1
√2
, the latter indicating that Sc5Ru6Sn18 is indeed a strong type-II superconductor. The zero-temperature thermodynamic critical field was estimated by using relation [25] ,
By using the values for Hc2(0) = 26(1) kOe and κ ≈ 23(2), we get (0) = 799(6) Oe.
The field dependence of critical current density (Jc) was derived from the width ΔM of the magnetization curve, by using the Bean model [26, 27] : whereas above this threshold it decreases rapidly with the increasing field. Fig. 5(a) shows Jc as a function of the magnetic field at various temperatures. Above the threshold field, for each isothermal measurement, initially Jc shows an exponential decrease followed by a power-law variation, in good agreement with the previous reports [28, 29] . We obtain Jc(1.8 K) ~ 6(3)×10 8 A/m 2 . The de-pairing current is given by the relation:
By using the previously obtained values of ξ (0) = 11.26(3) nm, λ(0) = 260(7) nm, we find Jd = 3.07(5)×10 10 A/m 2 . The long coherence length implies a high pinning energy and flux-lines that do not move easily [30] . The material might have a large concentration of weak pinning centers, which ultimately leads to collective pinning. In the scenario of collective pinning, the critical current density depends strongly on the magnetic field and is typically small. This behavior has been observed e.g., in case of layered inhomogeneous superconductors [31] . The irreversibility field (Hirr), at which the magnetic hysteresis disappears, is determined by the criterion Jc = 2 × 10 7 A/m 2 [28] . The variation of the Hirr and Hc2 with temperature is shown in Fig. 5(b) . We note that the irreversibility field is comparable to the upper critical field (Hc2), a rather plausible result considering that the material has a low Tc and a high coherence length [30] .
AC susceptibility
To further confirm the superconducting transition temperature we measured the ac magnetic susceptibility in the temperature range 1.8 -10 K, with Hac = 5 Oe and Hdc = 0 Oe. out-of-phase and in-phase component, respectively (with respect to the ac field). The real part of the ac susceptibility vs temperature, represents the transition from the Meissner state (perfect shielding) to the complete penetration of the ac magnetic field inside the sample. On the other hand, the imaginary part of the ac susceptibility represents the ac losses occurring when the ac field penetrates the sample. As shown in Fig. 6 (a), χ'' has a sharp transition near Tc = 3.6 K. The transition in χ'' is independent of the frequency of the driving ac field. The appearance of a peak in χ'' is commonly associated with the superconducting transition. When the temperature is far below the critical temperature and the magnetic field is smaller than the lower critical field Hc1, the screening current generated by the ac field is confined to regions near the sample surface. Hence, no magnetic flux enters the sample and the ac losses are minimal; consequently χ'' is almost zero.
As the temperature is raised, the magnetic field starts penetrating the sample and ac losses start increasing. The maximum in χ'' occurs when the ac field fully penetrates the sample.
Specific heat
The specific heat in the superconducting state is one of the key parameters to reflect closely the superconducting gap and its symmetry. Therefore, we measured and analyzed in detail the zerofield specific heat of Sc5Ru6Sn18. The electronic specific heat (Ce/T) of the sample was obtained after subtracting the phonon contribution from the experimental data. As shown in the inset of Fig.   7 , the normal-state specific heat was fitted using the relation C / T = γ + βT 2 + δT 4 for 14 K 2 ≤ T where p = 29 is the number of atoms in one formula unit and R = 8.314 J/K-mol. The density of states at the Fermi level ( ) was estimated from [32] :
where kB is the Boltzmann constant. By using the previously obtained γ value, we obtain ( ) = The calculated density of states N (EF) and the effective mass of quasiparticles m*, depend on the many-body electron-phonon interactions. These quantities are related to the bare band-structure of density of states Nband (EF) and * by the following relations [34] :
By using the values of ( ) and − ℎ in equation (11), we get ( ) = 9.270(6) states/eV f.u. By using * = (the free electron mass), in equation (12), we obtain 1.644 for the mass of the quasiparticles.
The density of states can be used to estimate the Fermi velocity, vF, which is related to ( ) by
Where 
Putting 0 = 200 μΩ cm (resistivity data not shown here) and above estimated values of * and F , we get l = 8.14(5) nm.
The normalized electronic specific heat Ce/γT is plotted vs the normalized temperature T/Tc as shown in Fig. 7 . The normalized specific heat jump at Tc is ∆ = 1.6 for γ = 36.93(6) mJ/mol-K 2 .
Since such value is higher than the BCS value of 1.43 (for a weakly coupled superconductor), it again indicates a strong electron-phonon coupling in Sc5Ru6Sn18.
The temperature dependence of specific heat in the superconducting state is best modelled by an s- ] is the temperature dependence of the superconducting gap. The normalized electronic specific heat is given by the expression [34] :
The electronic specific heat ( ) in the superconducting state is described by Eq. (16), while it is equal to in the normal state. The specific heat data were fitted to Eq. (16) as shown in the Fig.   7 . The fit gives a superconducting gap, Δ(0) = 0.64(1) meV.
The Sommerfeld constant ( ) is calculated by fitting the versus T data for various fields using the relation [36] :
where 1 and 2 are constants.
The single gap s-wave superconductivity in Sc5Ru6Sn18 is also confirmed by the magnetic-field dependence of the electronic specific-heat coefficient (Sommerfeld constant), γ(H). In a single-gap type-II superconductor, the Sommerfeld constant is proportional to the vortex density. When the applied magnetic field is increased, the density of vortices increases too, which, in turn, result in an increase of the quasiparticle density of states. Consequently, γ turns out to be proportional to the applied magnetic field in case of a nodeless and isotropic s-wave superconductor [34, 36, 37] . On given by ∝ 0.5 [38] . The field dependence of is shown in Fig. 8 . The linear relation between and confirms the single-gap s-wave superconductivity in Sc5Ru6Sn18.
The condensation energy (0) can be estimated from the relation:
Using the previously obtained values of = 36.93(6) mJ/mol-K 2 and Δ(0) = 0.64(1) meV, we get (0) = 156.8(9) mJ/mol.
To further confirm the characteristics of the superconducting gap function, we analyzed ( ) by fitting the data by means of different functional forms i.e., − / , 2 and 3 , corresponding to the expected temperature dependence of a superconducting gap which is isotropic, has line nodes or linear point nodes, respectively. As can be seen in Fig. 9 , well below / = 0.8, data are best modelled by the exponential function, = − / . The quadratic and cubic fits instead are rather poor. Similar exponential fits have been used to model the superconducting gap of other superconductors with comparable transition temperatures [9, 39, 40] . Thus, the above analysis confirms that Sc5Ru6Sn18 has an isotropic gap and s-wave pairing.
We can estimate London penetration depth at T = 0 K, L (0), using the relation [25] :
Temperature dependence of the zero-field electronic specific heat for Sc5Ru6Sn18 in the superconducting phase.
The solid, dotted and dashed lines are fits to the data using three different models (see text for details). where c is the speed of light in vacuum. Putting the values of all parameters, we get L (0) = 245 (6) nm. The BCS coherence length 0 can be estimated from F and the superconducting energy gap Δ(0) using the relation [41] :
Putting the values of F = 1.94(7) × 10 7 cm/s and Δ(0) = 0.64(1) meV, we get 0 = 63.72(9) nm.
We find that BCS coherence length ( 0 ) is much larger than the mean free path l = 8.14(5) nm, 0 ⁄ = 0.12 << 1, which indicates that the superconductivity in Sc5Ru6Sn18 is in the moderate dirty limit.
μSR
Figure 10 The time-domain spectra were fit by using the following model [9] :
Here A1 and A2 are the initial muon-spin asymmetries, whereas B1 and B2 are the local fields sensed by muons implanted in the sample and the sample holder. = 2π × 135.53 MHz/T is the muon gyromagnetic ratio, Φ is the phase factor and σ is the Gaussian relaxation rate. Since the sample holder is non-magnetic, B2 coincides with the applied magnetic field.
In the superconducting state, the Gaussian relaxation rate σ contains contributions from both the FLL (σsc) and the nuclear magnetic moments ( ), such that:
By using equation (22), one can estimate the FLL-related relaxation rate = √ 2 − 2 , since is expected to be temperature independent in the measured temperature range and is determined from the measurements made above Tc. Considering that is directly related to the superfluid density, the temperature dependence of provides hints on the superconducting gap and its symmetry. Further, can be modeled by [42, 43, 44] :
where f and E are the same as defined in equation (15) ]. As shown in Fig. 10(b) , the temperature dependence of the normalized FLL-related relaxation rate (T) / (0), can be fitted by a single-gap isotropic s-wave using equation (23) [25] . Using = 774 nm, 0 = 63.72(9) nm and l = 8.14(5) nm, we get, L (0) = 258(7) nm, which is comparable to the value estimated using m* and F and the magnetization measurements. This confirms the validity of our fitting model.
To probe the occurrence (or absence) of TRS breaking in Sc5Ru6Sn18, we performed ZF-μSR experiments. The availability of 100% spin-polarized muon beams, along with the large muon gyromagnetic ratio, make ZF-μSR a very useful technique to detect the spontaneous internal fields, as has been shown in previous studies of Y5Rh6Sn18 [18] and Sr2RuO4 [4] . In general, in absence of an external magnetic field, the onset of the superconducting phase does not induce any changes in the ZF-muon spin-relaxation rate. However, in case of TRS breaking, the presence of tiny spontaneous currents leads to the associated weak magnetic fields, which are detected by ZF-μSR as an increase in the muon spin-relaxation rate. Since the expected effects are rather small, we measured carefully the muon spin-relaxation rates both above and below Tc.
The ZF-μSR time-domain data for three representative temperatures (1.5, 15 and 30 K i.e., below and above Tc) are shown in Fig. 11(a) . Muons stopped in the silver sample holder give rise to a time independent background signal. Since no precession signals were observed in the entire 1.5 -30 K temperature range, we rule out the possibility of significant internal fields and consequently, any long range magnetic order in Sc5Ru6Sn18. In this scenario, the only possibility is that the muon-spin relaxation is due to the static, randomly distributed local fields, arising from the nuclear moments close to the muon-stopping site. In this case, the muon-spin depolarization can be described by the Kubo-Toyabe (KT) function:
After subtracting the background due to the silver sample holder, the ZF-μSR spectra could be analyzed by using the function:
Here, A0 is the initial asymmetry at t = 0. GKT can be treated as a temperature-independent parameter (within the SR time window [46] ).  is the muon-spin relaxation rate, considered to reflect the fluctuations of surrounding electronic spins lying close to the muon. Solid lines in Fig.   11 (a) are the best-fit results by using equation (26) . Fig. 11(b) shows the temperature dependence of , as obtained from the fits of the time spectra. Here  shows a slight enhancement with decreasing temperature, starting from T > Tc. This would mean that some unpaired electronic spins still remain, thus causing the observed muon-spin depolarization behavior.
A key result of the ZF-SR data is the almost temperature independent  below ~ 10 K, especially when crossing Tc i.e., upon entering in the superconducting phase. In conventional BCS type swave superconductors, no effects are expected in the ZF-SR data in the superconducting electronic state. On the other hand, when TRS is broken, ZF-SR time spectra are modified due to the appearance of spontaneous magnetic fields below Tc. This is typically the case for the Cooper pairs with a p-wave symmetry, as, e.g., in Sr2RuO4 [4] . As shown in Fig. 11(b) , since the time spectra do not show any relevant changes (within statistical errors), we must conclude that the TRS breaking is unlikely in the superconducting state of Sc5Ru6Sn18.
Note that the TRS breaking depends on the pairing symmetry of the electrons in the superconducting state. The TRS can be broken if the superconducting state has degenerate representation, as is the case of triplet superconducting states [4] . However, in case of singletsuperconducting states, where the superconducting state has non-degenerate representations, the TRS may not be broken. While TRS breaking is possible in systems with strong spin-orbit coupling such as Y5Rh6Sn18 [18] ; however, it might still be conserved in systems with weak spin-orbit coupling, such as Sc5Ru6Sn18.
Cooper pair breaking
In case of type-II superconductors, the breaking of Cooper pairs upon applying an external magnetic field may happen via two mechanisms: orbital or Pauli paramagnetic limiting field effects [34] . In case of an orbital pair-breaking mechanism, Cooper pairs break when the field-induced kinetic energy of the pair exceeds the superconducting condensation energy. On the other hand, in case of the Pauli paramagnetic effect, it is energetically favorable for electron spins to point in the direction of the applied magnetic field, thus decoupling from their partner, which results in the splitting of the Cooper pair [34] . For a BCS superconductor the orbital limit of the upper (i.e., orbital) critical field is given by the Werthamer-Helfand-Hohenberg (WHH) expression [47, 48] :
The slope ( 2 ( ) ) = is estimated from the 2 − phase diagram (see Fig. 4 ) and is equal to 8.1(1) kOe / K in our case, which gives an orbital upper limiting field, 2 (0) ≈ 19.18 kOe.
The Pauli limiting field, 2 P (0), within the BCS theory is given by [49, 50] : 
From this relation, we get ≈ 0.29, which means that in our case, 2 P (0) is much larger than Sc5Ru6Sn18, the calculated 2 (0) is close to the orbital limiting field and is much smaller than the Pauli limiting field.
Summary
We have grown single crystals of Sc5Ru6Sn18 and after succefully growing single crystals of Sc5Ru6Sn18, its superconducting properties are investigated by means of powder XRD, DC and AC magnetization, specific heat and μSR measurements. The powder XRD pattern was indexed as a tetragonal structure with lattice constants, a = 1.387(3) nm, c = 2.641(5) nm, which imply a density of the unit cell = 7.8(3) g/cm 3 . We find that Sc5Ru6Sn18 is a type-II superconductor with Tc 
